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Abstract This paperinvestigatesthe ability of a two-fluid hydrodynamicmodel
to accuratelypredictpressuredrop in an industrialscalecirculatingfluidizedbed
(CFB).ExperimentaldatageneratedattheNationalEnergy TechnologyLaboratory
(NETL) is usedto validatethenumericalmodel. Two dimensionalsimulationsof
therisersectionof theCFBwereperformedoverarangeof solidscirculationrates
andrisergasvelocities.Riserinventoryis shown to betheappropriatequantityfor
determiningwhen steady-stateconditionshave beenreachedand field variables
shouldbetime-averaged.This investigationalsoshows inconsistenciesin thepre-
diction of riserinventorieswhenusingdifferenthighorderlimiters.

1 Introduction

Over sixty yearshave passedsincecirculatingfluidizedbeds(CFB’s) appearedon
the sceneasa new technologyin gas-solidssystems.Sincethenindustryhasin-
creasinglyrelied upon CFB’s to satisfy both economicand operationalgoalsin
suchindustrialareasaspower generation,mineralandchemicalprocesses.De-
spite their growth in popularitydifferentdesigns,scale-up,andnew applications
areslow to emergedueprimarily to the lack of understandingof thecomplex hy-
drodynamicinteractionsbetweenthegasandsolidsphases.Thegeneralapproach
in designingnew CFB’s is usuallybasedon a collectionof empiricalcorrelations
and/orscalinglaws. However, it is still difficult to integratethis informationinto
a comprehensive modelandwhenlarge changesin scaleor operatingparameters
occurtheusageof suchanapproachis questionable.

Two-fluid hydrodynamicmodelsareslowly gainingacceptanceasanalterna-
tive methodin understandingthecomplex interactionsbetweenthegasandsolids�
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phasesin a CFB andaid in the designandscale-up.The ideaof describinggas-
solidssystemswith a two-fluid hydrodynamicmodelhave existedsincetheearly
60’s (Davidson,1961;Jackson,1963;AndersonandJackson,1967).Theresulting
equationsset forth by theseresearchersare very difficult to solve, and numeri-
cal solutionscapableof predictingsomeof thecomplex interactionsbetweenthe
phasessuchasclustersandcore-annularstructurecamemuchlater (for example,
TsuoandGidaspow, 1990;Gidaspow etal., 1992;O’Brien andSyamlal,1993).

Todaytherearenumerousnumericalinvestigationsof CFB’s on a small (ex-
perimental)scale,but investigationson an industrialscalearerarely found in the
literature.Industrialscaleinvestigationsareusuallylimited to obtainingonly afew
secondsof dataandusinglow orderdiscretizationtechniques(first orderupwind-
ing) to speedup convergencerates.Unfortunately, this typeof approachgenerally
gives unsatisfactory results. In this investigationwe usedlong run times in or-
der for the solids inventory in the riser to reacha steady-statecondition. This
investigationshows that higherordermethodsshouldbe usedbecausefirst order
upwinding (FOU) is too diffusive to accuratelypredict the complex interactions
betweenthe phases.ThesecondorderSuperbeelimiter anda recentlypublished
upwind-biasedfour point fourth orderinterpolationmethod(FPFOI)(Songet al.,
1999)arecomparedusingadeferredcorrectionapproach.Recently, Guentherand
Syamlal,(2001)have shown that large CPUtimesandstability concerns,usually
associatedwith usinghighordermethodsin densegas-solidsflows,canbesignifi-
cantlyreducedby usingdeferredcorrection.This investigationalsoshows thatthe
Superbeelimiter consistentlyover-predictedthesolidsriserinventorycomparedto
theFPFOIresults.

2 Mathematical Model

Two-fluid hydrodynamicmodels,also referredto as Eulerian-Eulerianmodels,
treatthefluid andsolidsastwo continuousandfully interpenetratingphases.This
approachresultsin mass,momentum,andenergy balanceequationsfor both the
gasandsolidsphases.For isothermalconditions,the continuity andmomentum
balanceequations(gasphasem � g, solidsphasem � s) aregivenbelow.

Continuity
∂
∂ t
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Momentum
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Expressionsfor thegas-solidsdrag 
Iml andgas-solidsstressterms¯̄Sm areneededto
closethesystem.Deatilsabouttheconstitutive modelscanbefoundin Syamlalet
al. (1993),Syamlal(1998),andGuentherandSyamlal(2001).

3 Numerical Procedure

Thegoverningsetof partialdifferentialequations(1)-(2) aresolvedusinga finite
volume technique. The MFIX codedevelopedat the NationalEnergy Technol-
ogy Centerwasusedfor thenumericalstudy(seewww.mfix.org for details).The
numericalprocedure,thesecond-orderspatialdiscretizationmethodanddeferred
correctionapproacharedescribedin Syamlal(1998)andGuentherandSyamlal
(2001).For thepresentstudywe alsoincludedanupwind-biasedfour point fourth
orderinterpolationmethod(FPFOI)(Songetal. 1999)in MFIX. Thismethodwas
usedto discretizetheconvectiontermsin thecontinuityandmomentumequations
usingthelimiter ULTIMATE (Leonard,1991)to preventunphysicalnumericalos-
cillations.A purposeof this studyhasbeento comparetheperformanceof FPFOI
andSuperbeemethodsfor simulatingcirculatingfluidizedbeds.

4 Experimental and Numerical Results

Theriserportionof theexperimentalset-uphasaninsidediameterof 12inchesand
is 56.4feethigh. Themainfluidizing gas,air, wasfed througha perforatedplate
at thebaseof theriser. Solidsenteredtheriservia a 10 inch diameterloopseal16
inchesabove theplateandexit througha 8 inch diameterblind-teeconfiguration
52.4 feet above the plate. To minimize staticcharge buildup, the riser consisted
mostly of carbonsteelsegments. It was equippedwith 23 differential pressure
transmittersconnectedin seriesto measureincrementalpressuredropsalongthe
bed. Thesolidsphaseconsistedof 1000µm cork particleswith a densityof 190
kg/m3.

The MFIX simulationswereconductedusingtwo-dimensionalCartesianco-
ordinates.(A 2D axisymmetricsimulationwould appearto be thenaturalchoice
for approximatingthecylindrical risersection.However, unphysicalclustersform
at thecenterlinein suchsimulations.Hence,we chosea 2D Cartesiangrid in this
preliminaryinvestigationto comparehigh orderlimiters.) Thecomputationalgrid
consistedof 30 cellsin thex-directionand860cells in they-directionandno-slip
boundaryconditionswere usedfor both phases.Initially, the riser was void of
any solidscorrespondingto the experimentalconditionsat start-up.The voidage
andsolidsvelocity at the sideinlet andgasvelocity at the baseof the riser were
heldconstantduringeachsimulation.Also, additionalair (moveair) wasspecified



with thesolidsto accountfor thefluidizing air usedin theloopsealandat thebase
of the standpipeduring operation. Eachsimulationwasrun until 10-15seconds
of dataat steady-stateconditionswascollected. In this investigationsteady-state
wasdeterminedwhenthetotal solidsinventoryin theriserdid not show any large
fluctuationsover time. This criteriafor steady-staterequiredlongerrun timesthan
usingsolidscirculationrateasa criteria. In fact, solidscirculationratesreached
steady-stateconditionswell beforethesolidsinventoryin theriserdid andshould
not be usedto determinesteady-stateconditions.Typically, simulationsrequired
80-120secondsof datato be collectedusingonly the final 10-15secondsin our
analysis. Simulationswereconductedon high-enddual processorPC’s andrun
timesweregenerallyon theorderof three-fourweeks.

Experimentaloperatingconditionsandthepressuredropsover a 15 m section
of theriseraresummarizedin Table1. Experimentaldataaretime averagedover
5 minutesof steady-stateoperatingconditions.

RUN Vg (m/s) Gs (kg/s) ∆PExp (Pa) ∆PFPFOI � Pa �
CK2 2.3 0.2035 744 730
CK4 3.2 0.4259 2046 1888
CK7 3.2 0.5655 2618 2412
CK16 4.3 0.7758 2370 2335
CK17 4.3 1.0966 3121 2894

Table1: Experimentaloperatingconditionsandriserpressuredrops.

Pressuredropspredictedby MFIX usingFPFOIaregivenin lastcolumn.Excellent
agreementof the incrementalpressuredrop betweenintermediatepressuretaps
was also predictedby FPFOI. Figure 1 gives the pressuredrop per unit length
(∆P 
 ∆L) alongthelengthof theriserfor run CK7. Theotherrunsshowedsimilar
quantitative agreementwith experiment.

UsingCK7 Figure2 comparesthepredictedaveragevoidagewith thevoidage
calculatedfrom theequation∆P 
 ∆L � � 1 � εg � ρs �g. Thepredictedvoidageis time
averagedandspatiallyaveragedacrossthewidth of theriser. In theupperregionsof
theriser thevoidagecalculatedfrom theequationdiffers from theactualvoidage.
Similardifferenceswereobservedfor theotherrunsalso.Until furthersimulations
arecompleted,it is believedthat thediscrepancy in thenumericalresultsbetween
thepredictedandcalculatedvoidagesis dueto thetwo-dimensionalityof thesim-
ulationandtheno-slipboundaryconditions.In thenumericalsimulationsa large
percentageof thesolidsarecarriedbeyondtheexit andarerecirculatedbackdown
alongthewall oppositeof theexit. Thispatternis certainlyphysicalfor ablind-tee
configuration,but without anadditionaldegreeof freedomaffordedby a third di-
mensionthenumericaleffect is greatlyexaggerated.Becauseof thesolidsno-slip
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Figure1: IncrementalPressureDropFor RUN CK7.
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Figure2: Axial VoidageProfilesFor RunCK7.

boundaryconditionsno work is requiredby the gasto suspendor acceleratethe
solidsin thecellsadjacentto thewall. However, in thenumericalpredictionof the
axialvoidagethesesolidsareaccountedfor. Grid refinementdoneonsmallerscale
problemshasshown thediscrepanciesin Figure2 andobserved in theotherruns
canbeminimized.Unfortunately, thisapproachwould resultin prohibitively large
CPUtimesfor simulationson anindustrialscale.



We also comparedthe FPFOI resultswith the resultsof the Superbeelim-
iter. Superbeeconsistentlyover predictedthe riser inventoryand in many cases
remainedin abed-filling regimethroughoutthesimulation.Figure3 comparesthe
total riserinventoryfor runCK2 betweenSuperbeeandFPFOI.Similardiscrepan-
cieswereobservedfor runsCK4 andCK7 andSuperbeewasnotusedin runsCK16
andCK17. Thisconsiderabledifferenceis surprising,andit appearsthatSuperbee
predictsa regimechange.Theresultsof this studyshow that theoverall pressure
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Figure3: TotalRiserInventoryFor RunCK2.

drop canbe matchedand,surprisingly, exceededas in the caseof Superbee.In
the simulationspreviously reportedin the literature,the calculatedpressuredrop
is usually lessthan the experimentalvalue,and to matchthe experimentaldata,
parameterssuchasthesolidsviscosityor thedragareadjusted(seefor example,
O’Brien andSyamlal1993). The studiespreviously reportedin the literatureare
for smaller(100 µm) diameterparticles,andtheusageof a sufficiently smallgrid
for industrial-scaleCFB’s is prohibitively expensive. Thisdifficulty hasleadto the
needfor developing subgridscalemodels(Agrawal et al. 2001) that will allow
theuseof coarsegrids. For the1000µm diameterparticlesusedin this study, it
appearsthata grid resolutionof abouttentimestheparticle-diameteris sufficient
to calculatepressuredropvaluesthatmatchexperimentaldata,without adjusting
any physicalparameters.



5 Conclusion

Usingriserinventoryto determinesteady-state,pressuredropspredictedby MFIX
using FPFOI showed excellent agreementwith experimentaldata. Resultsalso
indicatethat no-slip boundaryconditionsfor the solidsphaseshouldbe replaced
with a morephysicalcondition (partial-slip). This investigationhasalsoshown
theresultsof two higher-ordermethods(SuperbeeandFPFOI)differ considerably,
with Superbeeconsistentlyover predictingthe riser inventoryandpressuredrop.
Currentwork is underway to determinetheoverall effect high orderlimiters have
in gas-solidscalculations.

6 Nomenclature

Gs(kg/s) SolidsCirculationRate�
fm(kg/m2s2 Body Force�
Iml(kg/m2s2) Gas-SolidsDrag
∆P(Pa) DifferentialPressureDrop
¯̄Sm (Pa) StressTensor
Vg(m/s) RiserGasVelocity�
vm(m/s) VelocityVector
εm Voidage
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